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1. Project Objective and Schedule 

•  Project Objective : 
–  To investigate and demonstrate nanocrystalline doped-ceramic 

coated fiber optic sensors (FOS) for rapid gas detection in syngas 
streams and combustion gases.  

–  To develop sensors and sensor materials for H2, CO and H2S 
detection at >500oC and pressure up to 250 Psi. 

•  Research schedule: 
–  Year 1: Model design of the LPFG-coupled interferometer and 

evanescent tunneling fiber sensors; development of 
nanocrystalline doped-ceramic materials suitable for gas sensing 

–  Year 2: Sensor fabrication (including integration of the nanofilm 
with fiber devices) and improvement of the ceramic nanofilm 
properties and fiber structures for enhancing sensor performance 

–  Year 3: Evaluation of sensor performance in multicomponent gas 
mixtures under temperatures >500°C and pressures up to 250 psi.  



Optical Fiber Sensor 

•  Optical fiber: A light pipe made of fused silica materials  

•  Fiber sensors: proven advantages for various applications 
–  Small size/lightweight 
–  Immunity to electromagnetic interference (EMI)  
–  Resistance to chemical corrosion 
–  High temperature capability  
–  High sensitivity 
–  Remote operation 
–  Multiplexing and distributed sensing 

Core (Doped Silica, 
~9µm dia.,) 

Cladding (fused silica, 
~125µm dia.) 

Buffer/jacket (polymer,    
aluminum, gold) 

Cladding (RI = n2) 

Core (RI = n1) 

Light guiding via total internal reflection 
at the core-cladding interface  



DlR = f(nov) where   nov = g(pgas,T) 

Therefore, DlR represents 
gas concentration at a fix 
temperature 

2. Concept of Nanofilm-Fiber Optical Gas Sensor 

Mechanism: 
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Previous Results:  
Sr(Ce1-xZrx)0.9Y0.1O3-δ(SCZY) thin film for H2 sensing 

SCZY-LPFG showed high selectivity, good 
sensitivity, and reasonable response time at 
500oC and 1 atm; thermal drifting of signal 
is a concern. 



Previous Results 
Copper-doped zirconia (CDZ) Coating on LPFG for CO Sensing 

Nanocrystalline Cu0.16Zr0.84O1.84 thin 
film on optical fiber 

Sensor reversibility and response speed 

Response to CO concentration 

16%Cu CDZ-LPFG showed high good 
sensitivity and fast response to CO at 
550oC and 1 atm; thermal drifting of signal 
and CDZ chemical instability in high 
concentration of CO are major concerns. 



1)  Mach-Zehnder (MZI) and Michelson interferometers (MI) 
–  LPFG coupling light from core to cladding  
–  Core-cladding mode interference 
–  High-T capability and self-compensation for temperature drift  

LPFG 1 LPFG 2 

Core mode Cladding mode 

Nanofilm 

Ico 

Icl Cladding 

Core 

2.1 Two Types of FOS Proposed in This Project 



2) Cladding Tunneling LPFG Pair 

•  Tunneling through two LPFGs fusion spliced together 
–  Extremely high sensitivity to refractive index change 
–  High-T capability; Self-compensation for temperature drift 



2.2 Development of Sensing Materials 

•  Proton Conducting Perovskite Oxides (for H2 
detection) 

•  Copper-Doped Zirconia (CDZ; for CO detection) 

•  Characterization of Materials and test LPFG-based 
sensors 

•  Application of Selected Materials to the Two Types 
of Fiber Devices (to be performed in project year 2) 



3. Research Progresses in Year 1 

•  Model-based design of fiber sensor devices 

•  Materials development and characterizations 



3.1 Design and Fabrication of Fiber devices 
Type 1 – In line interferometer (two-section) 

L= 1/2 period 

L= 1/4 period 

L= 3/4 period L= 1 period 



Temperature and RI responses 

•  Two bands have almost the same responsivity towards 
temperature and refractive index  



Three-Section Device 

•  Light re-coupling/re-mixing through the third section.  
•  The resonant wavelength will change because of third section of 

LPFG. What happen if we add another section of LPFG (the three-
section PS-LPFG)?  

Two-section, L = 1/2 period Three-section, L = 1/2 period 



Center wavelength shift of two bands of 5th order Three-Section PS-LPFG versus temperature 

Temperature Sensitivity of Three-Section 

•  Two attenuation bands shifted to the long wavelength as 
temperature increased. 

•  The right (red) band had a higher temperature sensitivity 
than the left (blue) band  



Center wavelength shift of two bands of 5th order Three-Section PS-LPFG versus refractive index 

RI Sensitivity of Three-Section PS-LPFG  

•  The right (red) band has higher refractive index sensitivity 
than the left (blue) band. 

•  It is possible to use a three-section PS-LPFG for 
multiparameter measurement 



LPFG Mode-RI Sensitivity Relation (LP05-LP08) 

Mode Dependent Sensitivity 

•  Different cladding mode LPFG has different sensitivity to 
temperature and refractive index. 

LPFG Mode-Temperature Sensitivity Relation 
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10th Order Mode LPFG 

•  Split 
•  > 220C? 



Turning Point Device 

•  >220C, no spectral shift, intensity changes only 



Type 2 – Side Coupled Devices 

•  Side coupled LPFG 
pair 

LP05 Pair LP06 Pair 



Side Coupled LPFG-Taper  

LP05-Taper Coupler LP06-Taper Coupler 



Side Coupled Tapers 

Interferometer behavior Spectral shift as a function of the 
overlapping length 



3.2 Development of Sensing Materials 
─ Proton Conducting Perovskite Oxides 

•  Selection of Proton Conducting Perovskite Oxides: 
–  Cerate-based: higher sensitivity, low stability in CO2 

–  Zirconate-based: higher stability in CO2, lower sensitivity 

•  Four perovskite materials synthesized and tested  
–  Sr(Ce0.8Zr0.1)Y0.1O2.95 (SCZY) 
–  SrCe0.95Tm0.05O3-a (SCTm) 
–  SrCe0.95Tb0.05O3-a (SCTb) 
–  SrZr0.95Y0.05O3-a (SZY) 

•  General observations 
–  All four materials are functional for H2 detection  
–  Moderately higher sensitivity for cerate-based (SCTm and SCTb) 

•  Stability in simulated gases will be evaluated in Year-2 



Perovskite Reaction with Gases 
•   Gas-induced changes in defect type and population, electron states and 
band gap energy, lattice parameters, and density of the oxide alter the electric 
conductivity and optical properties (e.g. refractive index).  

Possible 
Interferences by 
H2S, CO, CH4 etc., 
which were found 
to be insignificant 
at 500oC 

High temperature gas-solid reactions: 



Procedure of Thin Film Coating 
EXAMPLE: Sr(Ce0.8Zr0.1)Y0.1O2.95 (SCZY) nano-film synthesis 

M = Sr, Zr, Ce, Y 

C=O, 
indication 
of chelate 



Typical Microstructure and Index of Nanofilm 

Refractive index (n) and extinction 
constant (k) by ellipsometry 

The surface (AFM) and cross-
section (SEM) of SCZY film on Si 

SCZY nano-film on fiber 

Fiber 

Morphology of nano-grains 
in SCZY film 



Effect of Operation Temperature on H2 
Sensitivity and Sensor Stability 

Response of the SCZY-LPFG 
to 5% H2 in N2 as a function of 

temperature  

SCZY-LPFG thermal drift at 
different temperatures  

Increasing temperature provides higher sensitivity by lowers stability 



Effect of Operation Temperature on 
Interference from Other Gases in H2 Detection 

Response of the SCZY-LPFG to 5% 
CO2 in N2 vs. temperature  

Compared to the Interferences from H2O, CO2, H2S, CO, and CH4 are insignificant at 
temperatures up to 500 oC; the interferences from these gases (except for CO) increase 
with temperature at > 550oC; Thus, operating at 500 oC also minimizes the interferences for 
measurement of H2 in coal-derived syngas. 

Response of the SCZY-LPFG to 5% 
H2S in N2 vs. temperature  

Response of the SCZY-LPFG to 5% 
CO in N2 vs. temperature  

Response of the SCZY-LPFG to 3% 
H2O in N2 vs. temperature  

Response of the SCZY-LPFG to 5% 
CH4 in N2 vs. temperature  

Response of the SCZY-LPFG to 5% 
H2 in N2 vs. temperature  

CO2 CO CH4 

H2S H2O H2 



Effect of Operation Temperature on H2 Sorption 
and Electric Conductivity of SCZY 

Total electric conductivity of the 
SCZY film as a function of 

temperature in 5% H2 and pure helium  

Hydrogen uptake in SCZY 
nanoparticles at difference 

temperatures  



3.1 Development of Sensing Materials 
─ Copper-Doped-Zirconia (CDZ) 

•  Materials synthesized and tested  
–  CDZ (0% Cu; i.e. pure zirconia) 
–  CDZ (3% Cu) 
–  CDZ (8% Cu) 
–  CDZ (16% Cu) 

•  General observations 
–  Pure ZrO2: very low sensitivity (small response in DlR)   
–  High Cu-content: high sensitivity but low stability due to over 

reduction to form Cu0 which segregates irreversibly to grain 
boundaries in the film. 

–  Low Cu content: large measuring range but low sensitivity for 
low-concentration CO detection.  



3.1 Development of Sensing Materials 
─ Copper-Doped Zirconia for CO Detection 

Pure Zirconia (0%) 

Copper-doped Zirconia (3%Cu) 

Small response by ZrO2-LPFG: 

Enhanced response by Cu dopant: 

Reverse reaction in O2: 

Reverse reaction in O2: 



CDZ-LPFG: DlR as a function of CO concentration at 
550oC and 1 atm – effect of Cu content 

•      Pure ZrO2: very low sensitivity (small   response in DlR)   
•      High Cu-content: high sensitivity; low stability due to Cu0 formation 
•      Low Cu content: large measuring range; low sensitivity for low-

concentration CO  



4. Summary of Work Done 
•  Design, fabrication and preliminary test of the two types of fiber devices: 

–  Extensively studied the device physics of the two proposed sensor platforms 
–  Preliminarily evaluated the device performance in high temperature environment 
–  Developed strategies for temperature compensation and multiparameter measurement  
–  Derived device design guidelines 

•  Proton conducting perovskite oxide film synthesis, characterization, and study 
for H2 sensing   

–  Developed procedures for the synthesis of four perovskite oxide thin films; 
–  Studied the H2 sorption and electrical conductivity as functions of temperature; 
–  Investigated the effect of temperature on H2 sensitivity, thermal drifting, interferences of 

other gases for the SCZY-LPFG; 
–  500oC is the desirable operation temperature to minimize the thermal instability and avoid 

interferences from co-existing gases, although higher temperature offers higher sensitivity. 

•  Copper doped zirconia (CDZ) film synthesis and study for CO sensing   
–  CDZ nanofilms with various Cu content (0 ~ 16%) were synthesized on LPFG; 
–  The CO detection sensitivity (at 550oC) in creases with increasing Cu content; 
–  The stability of the CDZ film decreases with  increasing Cu content (material instability 

caused by over reduction of Cu2+ to copper metal, i.e. Cu0); 
–  Lower Cu content allows for wider measuring range for CO (with higher up limit) 
–  CDZ-LPFG is well suited for low concentration CO monitoring, e.g. combustion exhaust …  



5. Work Plan for Year-2 (Phase-II) 

•  Task 3.0: Fabricate the LPFG-coupled interferometer and evanescent 
tunneling fiber sensors and conduct extensive characterizations on 
doped-ceramic materials and microstructures of the nanofilms.  
–  Subtask 3.1 (Xiao MST) Fabricate the LPFG-coupled interferometer and 

evanescent tunneling fiber devices using an existing CO2-laser fabrication 
process.  

–  Subtask 3.2 (Dong, UC) Examine the properties of the material for 
sensor application and optimize the composition and crystallite size of the 
ceramic materials.  

–  Subtask 3.3 (Dong, UC) Synthesize doped-ceramic nanofilms on 
structured fibers and optimize the grain size, thickness, and density to 
enhance the sensor performance.  

–  Subtask 3.4 (Xiao/MST and Dong/UC) Test the optical sensors for binary 
gas mixtures containing N2 and a target gas at high temperatures with 
and without water vapor.  
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